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FOREWORD

The work described in this report was authorized under Task I W6627 I OAD2502, Medical
Defense Against Chemical Agents, Prophylaxis and Therapy for Lethal Agenls. This work was
started in November 1970 and completed in December 1971. Experimental dalt, are contained in
notebooks MN-2463, 2464, 2465, and 2466.

Reproduction of this document in whole or in part is prohibited t,'0ot with permission
of the Commanding Officer, Edgewood Arsenal, ATTN: SMUEA-TS-1 Fdgewood Arsenal,
Maryland 21010; however, DDC and The National Technical Information Sczr-i.e are authorized to
reproduce the document for United States Government purposes.
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DIGEST

Tris-(choline chloride)phosphate (TCCP) has been observed to slowly and progressively
inhibit eel acetylcholinesterase. The kinetics of the inhibition reaction are consistent with a
mechanism involving binding of the inhibitor to the enzyme, followed by a rate-limiting irreversible
reaction producing inactive enzyme. The dissociation constant of t he enzyme-inhibitor complex and
the rate constant of the inactivation reaction have been determined to be 0.036 M and 0.2 min-
respectively. The quaternary reversible inhibitor tetraethylammcnium bromide competes with
TCCP for the reaction site. Activation of the enzyme by TCCQ' toward the hydrolysis of
acetylcholine was observed at low ionic strength, but the effect is attributed to the ionic strength
contribution of TCCP itself. TCCP does not noticeably reduce the inhibition of' enzyme by
decamethonium bromide as does the structurally analogous compound flaxedil. The results
obtained with TCCP are compared with available data on the relative enzymic reactivity of alkoxy
and thiolo esters of phosphoric acid.
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THE REACTION OF TRIS-(CHOLINE CHLORIDE)PHOSPHATE WITH EEL CH-OLINESTERASE

1. INTRODUCTION.

Triesters of phosphoric acid were first observed to be inhibitors of cholivesterases (E.C.
3.1.1.7 and E.C. 3.1.1.8) by Fukuto,l who observed inhibition by 0,0-diethyl O(3.3-diinethyl-l-
butyl)phospliate. They were also noted by Tamnmelin2 while repeating earlier work by Koelle and
Steiner,3 who investigated inhibition of choliiiesterases by dialkoxyphiosphioryl thiochioliines anrd
analogues. Tammilelin 2 ,4 obtained p150 values for several diethyiphosphorothiolates and their
oxygen analogues. In eachi case, the sulfur-containing compound was a considerably more potent
inhibitor. More recently, O'Brien and coworkers5 -7 extended these studies to a large number of'
p~aired phiosphiates and pho,,phorothiiolates,. which they compared hi termis of 150 and seconid-order
reaction rate constants, 4ki (equation 8). They found that w"ith neutral compounds, the thiolates
react more rapidly, but in most cases the differences are quite small (one order of magnitude or
less). Brachia and O'Brien 6 attributed these small differences to thle generIal suiperiority of thiols as
leaving groups.*

Howvever, the enhancement in rate caused by the presence of' anl S instead of' thle 0 inl thle
corresponding phosphate esters,6 for which they coined the term "thiolo effect." is not always
small. Two categories of deviations from the general pattern of' thiolo effects canl be noted, althioughi
thle small number of examples in eachi category makes this generalization limited. We will refer to
thiese deviations as abnormal thiolo effects.

With paired families of' neutral phiosphiorus esters, (EtO)2 P(O)XCII, )n, -Cll(C, JlS )-1 an1d
(IEtO)2 l'(O)X(CH, ),1CH3 , differences in inhibition rate between X = S and Xý 0 where- it 2 or
more tire small and canl be attributed to leaving group effects. The first category of' (leiants consists
of' these neuLtral esters when It = I or 0. Ilere the rate ratios are greater by several orders of' magni-
tude.5 .6 Ini the second category are the basic compounds. including (EtO), P(O)XCII, Cl I, N(C(2115)11

anN( 2-lluoroethiyl)-i%-ethiyl and ArjV-di(2-fluoroethyl) analogues. 5 *7Ilr h ae aisaeee
hiighier. reaching a Va lue of' 10.6 Suchl d iffterences are entirely too large to alttribumte to leaving grou p
efftects anmd hence must be enzymic in origin.

Whether thle abnormal rhilolo ef'fctg is a result of' an unifavorable binding initeract ionl
bet ween alkoxy inhiibitor and] enztymne or of' a redlimcedl rate of' phiosfliorylatIion can be (Ieterm inedl
only by separating these two components of thle second-order rate constant. Little data of' this
natuire :ire available. O'Brien and hiis coworkers 5 .6 examined several phiosphioroilhiola tL. i nd
reported thieir dissociation constants from bovine erythrocyte chiolinesterase and also the rate
constants f'or the irreversiblse inhibit ion step. Unftort una tely, comnparable data were not obtained f'or
thei oxygen analogues.

+ While examining the Comp~ound tris-(~cholinv: chloride~phosphiate (TCCI'). Pt 0)10(112-
Cl 12 N(011 3 )3 13 -3C171 , slow irreversibile inhiibition of' eel acetylehiolinesterase (AChiE) was noted.
Because it was convenient to dletermine bind ini,, and pliosphioryla tion rate constants. i hey were

IFukuzo, T. R. Advani. Post Control Res. /. 147 (1957).
2Trammnelin, L. E~. Acta Chemn. Seand. 1/, 1340 ( I(M5).
3Koelle, G. B.. and Sticiner, F~. C. J. Phlarniacol. E~xp. Therap. 118. 420 (19'56).
4Taimnelfii, L. 1~. Arkiv' Kenmi 12,287 (1958).
5Aharonii. A. 11 , midc O'Brien, It. 1). Biochemistry 7, 1538 (114)8).
6 11raclza, P.. ad O'Brien, It. 1). lfiocienisisrv 7, 1,545. 15i55 (1908).
70'Brien. R. I)., anidIliloiwi. I). . J. Agr.lFood Chciin.12, 53 (1964).
vrmmiiieimt4 reported a relamtivye rate f'actIor of rive tiimes Ior reac i mo of hyvdroxide lonl with a ph osphate amid it s
isosteric pliosphorothIiola e. The Iam ir is lie more rapid leac tantl
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obtained. It was our hope that this information would contribute to our understanding of why
some phosphates are unexpectedly poor inhibitors of AChE as Kp and kp (see equation I) had not
previously been separated for a nonsulfur-containing phosphate.

11. KINETIC SCHEME.

The irreversible inactivation of enzyme by inhibitor can be described by equations (I)
and (2) adapted from Main8

KA

E+A E " E.A (2)

where E represents enzyme; PX is an irreversible inhibitor with leaving group X, E' is the
phosphorylated enzyme, A is a competitive inhibitor, and KA and Kp are dissociation constants for
the enzyme complexes, which are assumed to be in equilibrium with their precursors. In the
equations developed below, the concentrations of the species PX, E. PX, and E A are given
respectively as [P], [EPI, and [EA]. Because enzyme is conserved, we have

[El 0 - [E'] = [E] + [EAI + [EP] (3)

which can be converted by substitution of the equilibrium expressions to

[El 0 - IE'] = [EPlI I+. j [lI~ + A (4)

The reaction can be followed by observing the activity of enzyme, which is proportional
to the remaining active enzyme concentration at time t; hence

d(UE] 0 - [E'l)
dt -kr [EPi

Substitution of equation (4) into (5) and integration gives the expression

A nv r n(IElo - [E'I )2 -lnU(E]0 - [ E'] ) I -kpR = Zt t2" ti + P ( IA+( (6)

*[P]I VA

Inversion of equation (6) predicts that a linear double-reciprocal plot (equation 7) should be

I IC, [A]I\ I

obtained for I/R versus I/1P1, with its slope equal to the quantity (I + I AI/IKA W.A IA R. The
intercept on the ordinate is equal to I /kp. When [AI = 0, the slope will be KP/kp, a lowing the
separation of rate and equilibrium constants.

8 Wain. A. R. Science 144. 992 (1964).
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i n the absence of A., froni equation ko), the second-order reaction rate constant, ki, is

, R k['p

i -- [P] " P1 +K . (8)

defined in equation (8). With rapid reactants, Kp >> [P1 so that ki =kp/K.,

1I1. EXPERIDVENTATION.

A Materials.,

Tris-(choiine chloride)phosphate was prepared by Ash-SteVens. Inc., under contract
DAAA•I5-69-C-0584, according to the procedure descrilbed by Jackson.9 Analysis observed: 38.90/
C, 8.60% H,, 9.06% N: analysis calculated:' 38.92% C, 8.49% 1-, 9.08% N. Tetraethylammonium
bromide (TEA) was a recrystallized Eastman pioduct obtained from Dr. J. C. Kellet, Jr. The

. hydroscopic salt was dried at i I0OC, and t~ien stored over 1I,05. Phenyl acetate was an Eastman
Sproduct, Decamethionium bromid~e [fIt 3 )31N(C+ff,) 10 N-(CH 3 )3 " 2Br- I was provided by Dr. 1..
Bay. Eel dicetylcholinesterase (AChE) was purch-ased from Worthington and stored in stock
solutions containing 0.225 il KCI, 0.1 % gelatin, and 0.02% NaN 3. Acetylcholine chloride (ACh) was

obtained in 100-mag preweighed ampoules from Nutritional Biocliemicals Comp~any. Stock solutions
0.1101 il in ACh were prupared by quantitatively dissolving the contents of one ampoule so as to
make 5 ml of solution. Gallamihe triethio'iide I flaxedil: 1.2,3-iris-i, 2-triet hylhm mon ioct hox y ) ben-
zene triiodide:J was, obtained from l)avis and Peck and used without further purification.

B. Methods.

Inhibition of the enzyme AChE by TCCI: was measured in" 0.1 Al morpholinoethane
sulfonic acid (MINES) buffer., 0 pH-I 6.61. Sto'k solutions 6 Cr(cP were prepared in NIES buflerjust
prior to use, Inhibition reactions were initiated by adding a small (25 p1) volume of enzyme stock
solution at a convenient concentration to an appropriate dilution oIto 'CI stock wilh mIi S. The
enzyme concentration range was estimated to be 1.2'to 5 X i-9 Atl., I The ionic strengh i, was heldconstant at that 'of 0.066 itl rCCu by the addition of solid KCI as needed, anl 100 p I of TI-A stock

solution' at 33.8 mil were added tb) reactions requiring a competitive inhibitor. The final
concentration of TEA in inhibited reactions yvas 1.05 mill. The disappearance of actlive enzvile was
"followe~d by withdrawing 1 00,ul aliquots at intervals and assayhig for ep,.yme activity in 3 nil of 0. I

Al M ES buffer. pi1 6.6 1. containing 8 mill plienyl acetate. The hydrolysis of phenyl acetate coulId be
conveniently followed at 270 nin on a Cary 14 recording spectrophotomneler.

The; observed phenl'l acelaltb hydrolysis rates, r. were plotted as hI r ver,,t,, mcubatll ,n
tine with TCCP to obtain pseudo-first-order reaction rate constants ,R. First-order plots were linear
for more than two hallf times. These,rate cons',ants were plotted in the dtouble-reciprocal form of
equation (7) as showvn in figure I to obtain the dissociation constant K1, and thie first-order rate
constant: kp.

The activity of chloride ion in rTCCP solutions was n,:.,sured by a Beckman chlorlde Ion
electrode with 'a calomel reference electtrode on a Beckman re,,earclh phl ietel'. A standard curve of
electrode l)olential at 25TC for known chloride concentrationb \kas obtained by hilhirng stock KCI
solutions ", glass-distilled deioniized water with the ionic stuength made uip with KNee

9iackstW. • .IL. J. Ainei. Chem. Soc..U7. 1t903 (t)935 ).
I O(;ood,'N. E.,Wilnget,G(.D1.. Winter, ., Connollyj . N.. lIawa, S-i.. d Shigh, .IM . M. lBloeh,-nist l y ., ?(•P(I N 1966)
I ISteinberg. ;. NI., Berkowitz. L. W.. Thomas, N. C.. Maddox. J. P.. and Szitlrani..c. L. L. J. Pharm. Sm. 61. ,2.7

(I1)72).
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Figure 1. Inhiibition of AChPby TCCP, MES1 Buffer0. Al. PH 6.61. 250C
CiArve I reaction contains 1.05S mM imc tailylainnionoiui Br.
C irnc 2 uninhibited.

Competitive inhibition constants K, were calcutated from observed Kill [Kil S) vaIlues
obtained with a WilkinsonI 2 weighted regression analysis of' reciprocal relationsh.,", . Strictly
competitive in':ibition was observed so that K, values could be calculated using equation (9).

Kill (o bs) = Kill I + (9)

Effects of salts and TCCP onl AChE activity were measured using a Radiometer p11 I tat.
:'he hydrolysis o1f I X 10- 'At acetylcholine was f~ollowed in 3.30 nil total volume of solution at 1)11
7 15 by observing the rate of addition of 0.0091 N' KOHI needed to maintain the p11 of* the solution.
Salt concentrations were chan~ged by varying the relative amounts of' 0.0001 31 KCI and I ,Il stock
salt solutions.

Partial reversal of' decaniethoniuni inhibition of' AChE by tlaxcdil was obtained in 0.003
:11 %irS buffer pHI 6.61 containing 8 in!! phený I acetate. Sufficient cnzý me wasadddud to I %.umette
containing buffer, substrate, and 2 X 10- 6 11 decamethoniuni bromide to give a slow but
measurable hydrolysis of tile phienyl acetate as observed at 270 nmi Oil tile Carý 14
speL tro'lllotome ter. Tile comparative effects of TCCP and flaxcitil were observed bý adding them to
this system at a concentration of X 10-5S11.

I 2Wilkin~on, G. N. [liochem. J.SO. 3240(961).
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IV. RESULTS AND) DISCUSSION.

Figure I is a double-reciprocal plot according to equation (7). It indicates that the data
are consistent wvith thie mechanism assumed inl equation (1), and that tile inhibitor tet rae thylami-
mioniuni bromide (TEA) is competitive with TCCP. KA calcul, t!d for TEA from thle d1ata inl figmie 1
is 4.8 X 10-4 il., inl good agreemnent with a competitive K, for inhibition of' phenyl a,-etate
hydrolysis by TEA of' 4.9 X 10-4 ill. Thie latter A', was det-lrmiiied inl 0.1 il! MES buftier. pi! 6.61.
containing 0.357 ill KCI to adjust the ionic strength to thiat present inl the TCCP plioslphorylat ion
reactions. This result suggests that TCCP is binding to thle enzyme active site, and prestumably this is
also thle site of--ts inactivation reaction. From the don ble-reciorocal plIot inl thle ibsence o fTP I-A. thle

valu of kpand A' can be calculated to be 0.2 min-I and 0.036 ill respectively. Fu rther. thle
copeiiv K a lu orTC determined f~rom its inihition of' phenyl acetate hydrolysis is

0.0246 Ml. Its reasonably close agreemnieit with the value of Kp p~rovides additional support f'or
TCCP reaction at the enzyme active site.

It had been suguges tedl by Overbergej e t a1.13 thait J'CC1~in eXiSt inl a11, ion,-pair form so
that tilie actual Ionic strength of' a solution wvould be inuch less than that calcula ted assumin i n
complete dissociat ion oflite clilorido ionls. To test t his. tilie concentrationl of' free chlo ride inl a series
of TCCP solutions was measured with a chloride ion-sensitlive elect rode. A plot (iiobserv'ed chloride
ion activity versuis miolar concentration of' TCCP from I to 5 mill has a slope )I' 3-J1. indicating
coniplete dissociation of all chloride from (lie three qua ternary iiit rogens I,, time elect rode is
insensit ive to ion-pairs. '[ilie resul Is of this ex perimien t are shiowii in figu ire i..

The activity of' ace tyicholi nesterase toward acetylcholine inl increasing conceni lrat ions' of
TCCP was examined for utiusuial e ffects. Figure 2 is a comparison of (lie activating propertie,, of'

TCCP. ~ 'Il( K 'O n Cl" plt Ie s a function o1' ionic st rengthI. Beccause of' the structiumal
siniila ri ty betw~een TCCII anid gallamin inct ie t Iiodidle ( flaxedil ). '[('(P was exam inedl 1*om' tilie ablility
to reverse thle inhi ibi tion of eel AChIE by decainetlhon ium. which can be seeii wit Ii flauxedil at lo\%v
ionic strengths.1i At concen-o~at ions of* TCCP) coin] pa ratbie to t hose al Which we obsorved ha.1
tI'axed ii decr'easedl lie ex teiit of' inhiibition produced by (leca miet honitmn by 3.94-f-old. thle efflect of'
'fCal was only I,07-fold. ani aminou t t ha ecasily canl be attIribu tedl to 'lie Ionic st renlgi IiConl I ribti t(moll
ot' thle salt.

Ini table I are I istel Kp k))A' and ki va lues for a ser'ies of' (laikyl po~sphlor-oiliiola ie,,. 4,
valu1tes for rela ted p~hosphates togethier wit ti tlie values obtainedl inl this wvork for R('0I. It is sI i'ik in
that TCCP. inl spite of' its thIiree positive chiarges and choline leavinig group. binlds so \cmy poorly to
ACh IL Like lthe oilier lplosplia tes. \' anid V ill, its k, vailue is also quite lowv. being perhaps three to
six ordeirs of' mlacnlit ude smaller than t hose of, [lie rapid pliosplioryla tors. Ini table 11. compa riswois
are -iven of' thie valumes of K1) . Ap, aiid k, for TCClP:mn l Iour of' the phosplhoiotliiolates listed Iin table
1. Thle marked redutmtion in Ak, f'or 'I"CCP can not 1)e assignedl excltisively cit her to K1, oir /Ap
D~im inished react ion is a resuilt of' decrmenents inl hoth Iilaramleters.

Thle cause of' thle a blnormal t hiolo e ffect (at[ least inl tilie iii t rogenl-conl ta ining, plh)spha tc')
would a ppear to be neit her strong [)itm Iiisorien ted binding nor irapid ireact ion but wr\m poor
binding. The eff'tect is iiot aI result of' appirecia ble diftfeirences Ill extent of' piotonla [lionl of (lie aminlo
groupls at neutral pi1 inl paired compounidsl suich as 11 and1( V. BothI are cx tensi'el> protona ted
becatuse their pK., values are close to 8.5 Neither is the diffrei'ece exelimsivel% a result of, the positikc
ceharige onl the niitrogen a tom. Fluorina ted derivatives of' 11 and V, lie .\'-(2-fluoroethv Ih- \*-e t h'\ I and

i3 Overherger, C' G . em A. Unwersm ix of' M ichiiga n. ~Scmn jall Con t 'oiIract Re.port J 1annla r -Ju mie No,') ( mil11 d I

I)AAA- I5-07.('.057. Mlechanmismi of linivmne A\cmoii. UNC'LASSIIEtDl Repoli
14(, lIamIIgetIX. j. 1). Mol. Plmarinacol . 2. 309) 0 %6 0.
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Figurt: 3. Depenidence ol' Chloride Ion Concenutrat ion on TCCI' Conceniration

.VJ\-di.(2-fuoret yl)a nloges.arcm jrotna ed [tIte reactioni p11: yet. thleabnormal t h mbo
elt'Nýi appears 7 (in spite of their isosteric relationships to I and VII. both of* Which react verV
rapidly wvit h AChiE). Finally, abnormal t hiolo e fbxts are not caused by apprecia ble differences in
their nucleophilic reactivity.4 Thu1,s, %ye find( no0 simple tLli fying principle to include All the observed
resuls Wil'i [lthe phospha tes.

Willh acetyl esters. significant d iflerences CxiSI bCIet1 Swen some~l o.v111ad 14l I u r lb ob0)
esters. Whereas 1Hilman and NI au t zert 5 have observed that1 acetylchol ine and acety ltliio'chohine ule
very similar in tutrnover rate. Augtist insson an ml sachc n reportedl that there was a ma rk-hedl Liil'lr-

eiice between (lhe corresponding j3-nethylecholinec a11ii P-methylthifocholine esters. For lthe oxvigen
Cster (miechiolyl), the 1) isomer hydrolyzes miuch fastei flhan lthe L. isomer so that hydrolysis -stops'
whenl one-hiall' o1' the e.ster has been consumed. Wiflli Oic *analogous t IWO ester, all of' thie ester (bothi
isomers) is hydrolyzed by AChE in one rapid continuious step. C'ombined. these observa tions him-
est thie generalization that Wvilti thiol esters there is gera ter accolinlmooa tion of, the entvmnL to mdl\ci w
st ructtural features. When the srtructures of' thie reacting paired (0 anid S) nmolecu les do not con t.6m
adlverse st ruct ural Features. reaction rates Withi ACh I: a: e closely similar. When flt bectnics "(winmed.

th ate of' reaction Withi the oxygen analog, I'-lls offl, wherea's the rate (if react ion of' the sulfur
analog remains at the nonn:al elev'ated level.

I Hflhnlia G . R ., anld Maui ncr. It. G . lBiocheinust r\ 9. 2033 ( 1970),
I 6Augustinisson, K. I.. and Isachen. T'. Anai Chlemi. Scaiid. i.750 (I1957)

13



Table 1. Kinetic Constants for Reaction With Acetylcholinesterase
:_ __ _I

Compound Kp 'kp , ki

M min-1  M- IMiin -

1 (C2 H150)2 P(O)SCH 2 CH 2CH(C 2 H5 )2  4.48 X 10-5, 4.49 2.3 X 105
6.16 X 10 -56 2.58 4.2 X 104

!1(C2115 0) 2P(Q)SC1I2 CH2N(C2 H5 )2  7.16 X 0- 6.66 1.4 X 106
2.8 X 10 -4C '57 5.6 105

III (CH3 0)2 P(O)SCH(CO 2 C2 HS)CO 2C2 H5  7.7 X 16- 4 b 1 l 1 1.4 X 104
+ i

IV(C2 H5 0) 2 P(O)SCH 2CH2 N(C2 H5 )3  , 2.48 X 10-5,a'd 1!15 6.9 X I0

V (C2115O)2P(O)OCH 2CH2 N(C2 H5)2  .- a , -1.98

VI (C2 H50)2P(O)SCH(CH 2 N(CH 3)2)2  1.2 X 10- 4 a, 5,5 4.1 X 105

VII (C2HsO) 2 P(O)OChI2CH2 CI(C2Hs)2 I _- 7.3 X• 104

VIII (C1Hts0) 2 P(G)OCI-2CH 3  0.42

TCCP, P(O)(OCHCHN(CH 3)3)3  3.6 X 10-2g 0.2 5.56

apll 7.4, phosphate, RBC AChM; Kp and kp at 25"C; ki at 380C. Fiom Aharoni. A.111., and O'Isien, R. D. I

Biochemistry 7,1538 (1968).5
bplt 7.4, phosphate, RBC AChE., 250C. From Bracha, P., and O'Brien. R. 1). Biochemiotry 7.1545.1555 (1968).6
epil 7.0, R3C AChE, 5*C. From Main, A. R. J. Biol. Chem. 244,829 (1969).17
dThe values Kp and k as reported bre open to some queslion because of the considerable ciror observed in theirP I

measurement. I t
eKabachnik, M. L., Brestkin, A. P., Godovikov, N. N., Michelson, M. J., Rozedgart, E. V., and Roiengart. V. I.

Pharmacol. Rev. 22, 355 (1970). 18 Calcd. from data in Bracha and O'Brien, op. cit.,
fRat brain AChE, 25°C. From Gumbmann, M. R., and Williams, •S. N. J. Agr. Food Chem. 18, 76 (0970109
gThis work, pit 6.61, eel AChE, 25°C. The value of A'i here has been set equal to kplKp: see eq 8 and
accompanying disczosio". ,

17Main, A. R. J. Biol. Chem. 244, 829 (1969).

18 Kabachnik, M. 1., Brestkin, A. P., Godovikov, N. N., Michelson, M. J., Rozengart,E. V., and R.zengart. V. I.
Pharmacol. Rev. 22. 355 (1970).

19 Gumbniann, M. R., and Williams, S. N. J. Agr. Food Chem. 18, 76 (1970).
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Table !1. Ratios of Kinetic Coiistants of TCCP'to Thdse of Several Dialkylphospholthifolates

* Compounda Kp (cCCP/Cpd) kp (Cpd/TCCP) kit) (Cpd /TCCP)

£ 31 . min-I AP I mzin

ILc 580 13 7.o X 10i

jjd 5000 33 2-5,x IO o

47 55 ! 2 ;(P
I I * I

Vl,1 300 . 275 7 4 i(j4

";IISlI rkIe t ire.% are eiven in table I.Sb(~~'Caletla led tfr'o)ll Values ill t~lale. . I

- ,'rom ]richa and O'Brien.6',
d-)Iom A hroni und'O'Brien.?

I I

The reason for t1he apparent adaptlabilil of' thu enizymie witl l] ul t il estc'r is not kilo%%in. It
co!1,1 be related to sulbfrIs larger covalent' radius, somewhat ldif'I'ereinl bond alngle.. lower

:Clei.ronllgliti\'vity (and reduced ability t9 Iorm hyd-.ogen bonds), or its greater polarl/A;)ihl. Based
ulpon lt • e \vll-kn\wn evidence for subsilratc-induced conilor6ni<1 a t jonal hanglleslg in entylmes as a i',sul i
of' their interaction in tile Niichaelis cornplex,20 we re inclined to view abnornml thiolo eflect-, inl
these terms. 1"' one were to suppose greater inmteraicion (hydrogen bonding) b]weeln tie ,tibst rae•
OXygn ato liandl a prololl, at or very close to thelesteracttic site, it could well rest'l i greaiterOxygen 10111 ,I 1 ,

colistrictioll'nl thle enzme colon formatlion. Such restrnicted Wonolllion. w' Ii Ithredt'ed I Ic\ bihl$t.
would be colnpati)le wilhi increased specilficity the reduced ability to'accolnlllodal e to dih\erse
st-tictures.

* I

20 Bruice. T. . iiroximity iEffects and linzyiue (a'dilysis. Il 'Thle I-.aI/\ ines. oid P.D I)" *.\%"I Ill Wd.1 d
Academic Press. New York, New York. 1970.
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